INTRODUCTION
Marek's disease (MD) is a prevalent, highly contagious lymphoma of chicken caused by an alphaherpesvirus called Marek's disease virus (MDV), and is characterized by peripheral nerves and gross visceral lymphomas in susceptible chickens (Venugopal, 2000) . MDV is a highly cellassociated virus with long and complex pathogenicity, mainly involving three stages: cytolytic, latent and neoplastic stages (Calnek, 2001; Ross, 1999 ). An early cytolytic infection, with MDV replication mainly in B-cells, occurs in lymphoid organs such as thymus, spleen and bursa of Fabricius, and extends from 3 to 6 days post-infection (p.i.). After the early cytolytic stage, the infection switches to a latent stage in the infected T-cells. The infected T-cells circulate in the blood spreading the infection to various tissues. The latent stage is followed by the neoplastic stage, with transformation of T-cells and development of lymphomas in chickens susceptible to MDV. In addition, the highly oncogenic nature of MDV suggested the presence of a viral oncogene. A known oncogenic gene within the Marek's EcoRI Q genomic fragment that forms part of both the terminal and internal repeats is designated Meq; and this viral gene is expressed in all infected stages, and especially highly expressed in both MD tumour tissues and Tlymphoblastoid cell lines (Jones et al., 1992) . Given that Meq can regulate transcription of viral and cellular genes, it is necessary for both the establishment of viral latency in T-cells and the transformation of these cells and their progeny into malignant lymphomas (Jones et al., 1992) . Furthermore, MDV is the only known acutely transforming alphaherpesvirus for which its associated induced lymphoma formation can be prevented by vaccination (Witter et al., 1976) . MD research is therefore poised to have a profound influence on fundamental cancer biology, particularly with regard to the pathogenesis of aggressive virus-induced lymphoma (Osterrieder et al., 2006) . It has provided researchers with an excellent natural virus-host model to study the mechanisms involved in virus-induced lymphoma in comparative medical research (Osterrieder et al., 2006) . Moreover, special emphasis on determining the effects of MDV infection on the chicken genome will provide fundamental insights into tumorigenesis and reveal novel targets for therapeutics.
Host responses to MDV infection have previously been studied in chicken embryo fibroblasts (CEF) (Morgan et al., 2001) , with a number of induced genes involved in inflammation, interferon (IFN) responses, and cell growth and differentiation. Recent studies have examined the host responses to MDV infection in lymphoid organs during the early stages of the MDV replication cycle, such as the bursa of Fabricius (Abdul-Careem et al., 2008a; Lu et al., 2010) and spleen Sarson et al., 2008; Thanthrige-Don et al., 2010) . Moreover, host responses to MDV infection in the central nervous system (AbdulCareem et al., 2006b) , the feather follicle epithelium (Abdul-Careem et al., 2008b) and blood (Quéré et al., 2005) have also been investigated. Microarrays provide a high-throughput technology to monitor the gene expression profile in response to different stimuli (ArcellanaPanlilio & Robbins, 2002) . It has been used to monitor host responses to infection with a variety of viruses including Epstein-Barr virus (EBV) (Chen et al., 2008) , infectious bursal disease virus (Wong et al., 2007) , laryngotracheitis virus (Lee et al., 2010) , herpesvirus of turkey (Karaca et al., 2004) and also MDV Morgan et al., 2001; Sarson et al., 2008) . Although cell-mediated immune response genes and related proteins have been investigated in CEF and various tissues, there is little information available on host responses in other non-lymphoid visceral organs. Moreover, the role of host genes identified previously in the MD system has been mainly focused on the virological rather than the neoplastic formational stage. Future investigations should therefore focus on elucidating the molecular details of tumorigenesis and the factors that govern tumorigenesis in this natural virus-host model. Given the paucity of information on the mechanisms of host response to MDV interaction in the non-lymphoid organs in the neoplastic stage, a microarray analysis was performed to monitor the gene expression profile in lymphoid tumours of chicken liver tissues during the neoplastic stage of MDV infection, and a total of 269 significantly differentially expressed genes were successfully identified by using oligonucleotide-based Affymetrix Gene-Chip Chicken Genome Arrays in the MDV-infected birds, compared with the corresponding age-matched control birds. These chicken arrays may be valuable basic tools in understanding the molecular mechanisms behind tumorigenesis in response to MDV infection.
RESULTS AND DISCUSSION
MDV genome load in the liver tissues of MDV-infected chickens MDV genome load was quantified in the liver tissues of MDV-infected birds by real-time PCR and the data are illustrated in Fig. 1(a) 
MDV-Meq gene expression in liver tissues of MDV-infected chickens
The results of MDV Meq transcript quantification from the livers of MDV-infected birds evaluated by real-time RT-PCR are shown in Fig. 1(b) . We observed a consistent upregulation in Meq gene expression throughout the study period. Moreover, the MDV Meq transcripts observed at 21 days p.i. were significantly higher when compared with those observed at 7, 14 and 35 days p.i. (P¡0.05). This also coincided with an increase in MDV genome load. Among MDV genes, Meq had been shown to be an early or immediate-early, serotype-1-specific phosphoprotein that was expressed at low levels in lytically infected cells but at significantly higher levels in transformed cells and tumour tissues (Brown et al., 2009; Jones et al., 1992) . It had also been demonstrated to be important for the maintenance of MDV replication and necessary for cellular transformation (reviewed by Osterrieder et al., 2006 Table S1 , available in JGV Online) were significantly altered in the MDV-infected chickens during the neoplastic stage, as compared with the corresponding control birds. Of these differentially expressed genes, 175 genes were commonly upregulated and 94 genes downregulated, compared with the control birds. We found that some differentially expressed genes that have already been reported as such for the MD system were also significantly altered in our study (reviewed by Haq et al., 2010) , and many others that have not previously been found to be differentially expressed following MDV infection but have been identified within other malignancies, such as CDK1 (Lapenna & Giordano, 2009 ), NEK2 (Hayward et al., 2004) , GADD45G (Cretu et al., 2009) and PTTG1 (Tfelt-Hansen et al., 2006) .
Validation of microarray data by real-time RT-PCR
To confirm the results obtained by microarray analysis, a subset of 15 genes was randomly selected for real-time RT-PCR analysis to estimate the expression differences between MDV-infected and control birds during the neoplastic stage of MDV infection. Fold change was calculated by the 2 2DDC t method and normalized against the expression of the endogenous reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). We found that both methods (microarray analysis and real-time RT-PCR) detected similar patterns for the 15 genes selected for validation (Table 1) .
Functional gene ontology analysis
According to the Ingenuity Pathways Analysis (IPA) program, only 137 differentially expressed genes have been characterized with specific cellular functions, in spite of the input number of genes being 269. A subset of 137 differentially expressed genes was involved in 75 functional groups (P¡0.05); the most significant gene function categories include molecular and cellular functions, disorders and diseases, physiological responses and physiological system development (shown in Supplementary Table S2, available in JGV Online). It also can be seen that the three top functions were cancer, cell death and cell cycle ranked according to -log (P value). While the number of differentially expressed genes involved in genetic disorder (108) was the highest, 78 genes were associated with cancer function and 64 genes were classified as being cell-death associated (Fig. 2 ). Often individual genes were found in multiple function categories relating to tumour development, including cell cycle, cell death, cellular growth and proliferation, cellular assembly and organization, and cellular movement.
Gene network analysis
To further refine the analysis of the 269 genes, we investigated their biological interactions by using the IPA program, and found 137 network-eligible genes to map to genetic networks with functional relationships. Nineteen possible gene networks were found in the chicken liver tissues during the neoplastic stage of MDV infection. The top ten gene networks were highly significant, in that they had more of the identified genes present in them than would be expected by chance (listed in Table 2 ; P¡0.05). High-scoring gene networks are illustrated in Fig. 3 and are associated with cellular assembly and organization, cell cycle, DNA replication, recombination, and repair, connective tissue disorders, genetic disorder and antimicrobial response.
Network 1 (Fig. 3) contained genes belonging to growth factors and extracellular matrix proteins, and genes had top functions associated with cellular assembly and organization, connective tissue disorders and genetic disorders. Two growth factors, TGFB3 and CTGF were highly upregulated by MDV infection in this network. In general, the release and activation of TGF-b stimulates the production of various extracellular matrix proteins and inhibits the degradation of these matrix proteins (Branton & Kopp, 1999) . In line with this, we had also identified significant increases in the expression of several extracellular matrix (ECM) proteins in this network, including matrix metalloproteinase 2 (MMP2) and three collagen proteins COL1A2, COL6A3 and COL12A1. Stimulating collagen synthesis and increasing the expression of certain ECM proteins and proteases are necessary for ECM remodelling, which is of great importance for the ability of the tumour cells to invade and metastasize to other organs (Karlsson et al., 2007) . MMP2, one of the major ECM proteases, is very important in ECM degradation and its mRNA level increase was also found in an MDVtransformed mononuclear cell line (Rath et al., 2003) and many human cancers (Fingleton, 2006) . Degradation of the ECM can result in migration of tumour cells because of the loss of cell-matrix and cell-cell contacts. Moreover, ECM degradation is one of the steps at the beginning of tumour angiogenesis, indicating that MMP2 plays an important role in regulating tumour angiogenesis and that its inhibitor, used as an anticancer drug, can prevent the proliferation, invasion and metastasis of cancer cells (Fingleton, 2006) . Another structural protein in this network, VIM, was an intermediate filament protein that is generally expressed in cells of mesenchymal origin. A study by Ivaska et al. (2007) indicated that hyperexpression of VIM in epithelial cancer cells might be associated with local invasiveness and metastasis through the epithelialmesenchymal transition. Although higher expression of VIM in MDV-infected birds has been reported to be associated with MDV transformation , what is especially interesting is the probable role of VIM upregulation in lymphoma cell invasion and metastasis during the neoplastic formational stage. CTGF is one of the CCN family members which are important angiogenic modulators owing to their interactions with several growth factors and integrins (Aikawa et al., 2006) . It has been suggested that the activation of angiogenesis in the early stage of tumour development and sustained angiogenesis are necessary for tumour metastasis and growth (Aikawa et al., 2006) .
The top functions of the genes in network 2 (Fig. 3) were involved in cell cycle, cellular assembly and organization, and DNA replication, recombination and repair. Two mitotic kinases involved in regulating the centrosome cycle and formation of the mitotic spindle were significantly upregulated by MDV infection in this network: AURKA and NEK2. Deregulation of mitotic kinases might contribute to unscheduled proliferation and aneuploidy in cancer cells. AURKA, an important member of the aurora kinase family, localizes to the centrosome and spindle poles during mitosis and causes centrosome amplification, cell transformation and aneuploidy (Carmena & Earnshaw, 2003) . Overexpression of AURKA is also included in this signature along with other mitotic kinases, such as NEK2, which is highly expressed in a variety of human tumours and whose upregulation might be responsible for the appearance of multiple centrosomes and aneuploidy (Hayward et al., 2004) . However, GADD45G, the regulator of the G2/ M checkpoint (Vairapandi et al., 2002) , was downregulated by MDV infection. Recent studies have indicated that GADD45G plays an important role in G2/M and G1 cell cycle arrest, pro-apoptosis and DNA repair, and it could be a potential therapeutic target for human cancer (Cretu et al., 2009) . Its downregulation may be available for tumour formation by the proliferation and anti-apoptotic mechanisms of uncontrolled cells. Other genes identified (Table 2) related to the cell cycle, cell differentiation and proliferation were also significantly upregulated following MDV infection. For example, PTTG1 plays a key role in mitotic checkpoint control, chromosome stability, the p53 pathway, DNA repair and tumour metastasis, and serves as a marker of malignancy grade for several forms of cancer (TfeltHansen et al., 2006) . Taken together, these differentially expressed transcription profiles associated with the cell cycle, and DNA replication, recombination and repair in this network may be the important factors that govern cell proliferation and tumorigenesis in this virus-host model during the neoplastic stage of MDV infection; the functions of all remain to be investigated in the future.
Network 3 (Fig. 3) contained genes which had top functions associated with antimicrobial response, inflammatory response and connective tissue disorders. This important gene network was found around the STAT1 gene. In the study, STAT1, a target for modulation of the JAK-STAT signalling cascade, showed increased expression. The involvement of the signalling pathway with the STAT response to MDV can be elucidated from the findings of Heidari et al. (2010) and Sarson et al. (2008) , where higher expression of STAT1 and STAT3 in MDV-infected birds was seen at 5 days p.i., whereas the expression of STAT2 was only upregulated at the later stages of viral pathogenesis. Moreover, STAT1 has been shown to be involved in the transformation stage following EBV infection (Zhang et al., 2004) . Thus, the upregulation of STAT1 at the neoplastic stage of MDV infection may indicate a delayed IFN response or STAT-associated cell proliferation contributing to tumour development. A group of genes involved in antiviral responses (MX1, EIF2AK2, IL1RL1, TLR5, TNFRSF1B and TNFSF13B) were differentially expressed around STAT1. IFN-induced expression of antiviral genes is mediated by the JAK-STAT signalling cascade (Chelbi-Alix et al., 2006) . In this network, an antiviral gene induced by IFN, MX1, is a member of the IFN-inducible GTPases found in many organisms and has been reported to be upregulated in MDV-infected birds during the cytolytic and latent stages . Although it functions as an important component of innate immunity against a wide range of viruses, whether MX1 protein plays an active role against MDV infection and tumour progression is not clear and remains to be investigated. Moreover, other top gene networks contain genes with functions related to cancer development, including cell signalling, protein folding, amino acid metabolism, lipid metabolism, lymphoid tissue structure and development, cellular movement and hepatic system disease ( Table 2 ). The gene network analysis suggested that a large number of biological pathways, regulated by various sets of genes, closely interacted with each other in host responses during MDV infection. More detailed interactions among genes showing altered expression levels in each network should be investigated to identify host-response mechanisms during MDV infection.
Canonical pathway analysis
To gain insights into the function of genes scored in our microarray screen, the IPA canonical pathway analysis program was used to identify the signalling and metabolic pathways associated with these genes. As analysed by the IPA program, of a total of 170 metabolic and signalling pathways in the IPA canonical pathway library, 22 were significantly (P¡0.05) modulated by MDV infection (Table 3) .
Canonical pathway analysis revealed that six pathways related to lipid metabolism (LPS/IL-1-mediated inhibition of RXR function, TR/RXR activation, LXR/RXR activation, xenobiotic metabolism signalling, inositol phosphate metabolism and riboflavin metabolism) were modulated by MDV infection. We found that most of the genes in these pathways were upregulated, such as FABP5, PCK1, NAMPT, CTGF and ACP1. It has long been recognized that synthesis of lipids (fatty acids, cholesterol and isoprenoids) is a prime example of cataplerosis in proliferating cells (DeBerardinis et al., 2008b) . Metabolism in transformed cells differs from quiescent cell metabolism in that transformed cells show high rates of glycolysis, lactate production, and biosynthesis of lipids and other macromolecules. Tumour cells display increased metabolic autonomy in comparison to normal cells, taking up nutrients in excess of their bioenergetic needs and shunting metabolites into pathways that support growth and proliferation (DeBerardinis et al., 2008a) .
Canonical pathway analysis also revealed that hepatic fibrosis/ hepatic stellate cell activation was significantly modulated by MDV infection. Hepatic fibrosis is an outcome of many liver diseases and is characterized by excessive deposition of ECM proteins, especially collagen type I. Hepatic stellate cells, as a major source of collagen type I, undergo activation into collagen-producing myofibroblasts in response to injury (Bataller & Brenner, 2001) . Two ECM related proteins (COL1A2 and MMP2) in the pathway were significantly activated during the neoplastic stage of MDV infection. Moreover, in chronic liver disease development of fibrosis is the first step toward the progression to cirrhosis and its complications, such as organ failure, oesophageal variceal bleeding and hepatocellular carcinoma (Bataller & Brenner, 2005) . Although little is known about the pathway of hepatic fibrosis/hepatic stellate cell activation in the MD system, its activation in the neoplastic stage indicates that it may play important roles in lymphoma progression in the chicken liver. Further research is needed to establish the roles of the genes in the pathway.
Another important signalling pathway most related to cell growth and proliferation (mitotic roles of polo-like kinase) was activated by MDV infection. It is not surprising that pathways related to cell growth and proliferation are activated at the stage of tumour formation. Uncontrolled proliferation and genomic instability, in the form of aneuploidy, are two hallmarks of cancer cells. We found that genes in the pathway were all upregulated by MDV infection, including CDC20, CDK1, PTTG1 and KIF11. Among them, CDK1 is abruptly activated at the transition from G2 to M phase to initiate chromosome condensation, destruction of the nuclear membrane and assembly of the mitotic spindle, and plays a central role in the DNA damageinduced G2 checkpoint (Malumbres & Barbacid, 2009 ). Its aberrant activation has been observed in a range of primary tumours, such as human breast, colon, prostate, oral, lung and oesophageal carcinomas (Lapenna & Giordano, 2009) . Another important gene in this pathway was CDC20 -an activator of the ubiquitin-ligase anaphase-promoting complex or cyclosome (APC/C), which promotes the degradation of proteins to allow the cell cycle to progress (Mondal et al., 2007) . An abnormality in cellular CDC20 levels or in its function may deregulate APC activation and promote premature anaphase, suggesting that it may be a driving force in aneuploidy resulting in tumour progression (Rajagopalan & Lengauer, 2004) . Therefore, the activated pathway of mitotic roles of polo-like kinase may play a vital role in the uncontrolled proliferation of cells and tumour Chicken transcriptional responses to MDV infection growth in chicken liver after MDV infection. Moreover, the microarray analysis of MDV infection in the present study detected a series of other pathways. For instance, TNFR2 signalling and PDGF signalling were dramatically activated by MDV infection. Three pathways most related to cell survival and apoptosis (ATM signalling, p53 signalling and p38 MAPK signalling) were also modulated by MDV infection. While the precise mechanisms of these pathways in the host response after MDV infection have not been verified, further investigations are being performed to identify unique and more deeply involved interactions between host cells and MDV.
Conclusions
In this study, we successfully applied microarray analysis to analyse the alteration of global gene expression in the lymphoid tumours of chicken liver tissues during the neoplastic stage of MDV infection. A total of 269 significantly differentially expressed genes were identified and the bioinformatics studies (functional gene ontology, gene network analysis and canonical pathway analysis) were performed using the IPA bioinformatics program to reveal biological functionalities and intermolecular connections among interacting genes associated with these differentially expressed genes. The results suggest a role for these genes in host responses to MDV in liver tissues. Further investigations should shed more light on their functions in MDVinduced tumorigenesis. 
METHODS
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) and a control group with 10 birds that received sterilized saline solution only. On 7, 14 and 21 days p.i., three MDV-infected chicks were euthanized by CO 2 inhalation and necropsied along with two uninfected chicks. On day 35 p.i., three randomly selected chicks from each group were euthanized by CO 2 inhalation and necropsied. At the necropsy, liver tissues on 7, 14, 21 and 35 days p.i. were harvested for quantification of MDV genome load and MDV-Meq gene expression by real-time PCR and RT-PCR, respectively. Liver tissues were collected for microarray analysis at 35 days p.i. All of these were immediately stored in RNAlater (Ambion) at 270 uC to prevent RNA degradation.
DNA and RNA extraction. DNA was extracted from liver tissues with an E.Z.N.A. Tissue DNA kit (Omega) according to the manufacturer's instructions. DNA concentration was estimated by spectrophotometry at A 260 and was adjusted to100 ng ml 21 for all samples before real-time PCR quantification of MDV genome load. Total RNA was extracted from liver tissue by using TRIzol (Invitrogen) and purified with an RNeasy Mini kit (Qiagen) according to the manufacturers' instructions. The RNA quality was assessed by formaldehyde agarose gel electrophoresis and was quantified spectrophotometrically. High-quality RNA with an A 260 : A 280 ratio between 1.8 and 2.0, and intact ribosomal 28S and 18S bands were used for microarray and real-time RT-PCR analysis.
Real-time PCR and RT-PCR. Real-time PCR and RT-PCR quantification of MDV genome load and MDV-Meq gene expression, respectively, were done by using standard curves. The Meq gene and the endogenous reference gene GAPDH were amplified by PCR using previously published gene specific primers (Abdul-Careem et al., 2006a; Adams et al., 2009) , cloned into a pMD19-T vector (TaKaRa) and used as a standard control in order to generate standard curves by using the same protocol as described previously (Abdul-Careem et al., ]. After purification of total RNA, 4 mg RNA was used in a reverse-transcriptase reaction with a RevertAid First Strand cDNA Synthesis kit (Fermentas). All the real-time PCR and RT-PCR runs were conducted in a 7500 Real-time PCR System (Applied Biosystems) in a total volume of 20 ml with FastStart SYBR Green Master (Rox) (Roche). Each real-time PCR and RT-PCR assay was run alongside a dilution series of the standard that served as the calibrator. The amplification program was 95 uC for 10 min, followed by 40 cycles of 95 uC for 15 s and 60 uC for 1 min. All reactions were done in triplicate.
Microarray analysis. The microarray experiment was commissioned to CapitalBio Co. (China) according to the protocol provided by Affymetrix. The genechip contained 37 703 probes representing 32 773 chicken transcripts. Briefly, the fragmented cRNA was labelled with Cy3 (control) or Cy5 (experiment) and then subjected to competitive hybridization. Hybridization was performed at 45 uC in an Affymetrix GeneChip Hybridization Oven 640 (Affymetrix), with rotation, for 16 h. Arrays were scanned with a confocal scanner (LuxScan 10K-A; CapitalBio) and the images obtained were analysed by using the SpotData program (CapitalBio). The scanned images were assessed by visual inspection first and then analysed to generate raw data files that were saved as .cel files using the default settings of the Gene Chip operating software.
Microarray data normalization. A space-and intensity-dependent normalization based on a LOWESS (locally weighted regression) program was employed. Genes that had a Cy3 and/or Cy5 intensity value .100 were considered to be expressed genes. If the fluorescence intensity of one channel was ,100 while the other was .100, the lower channel intensity was overridden. After calculating the backgroundadjusted, normalized and log-transformed intensity values, the microarray data were analysed by using the significant analysis of microarray (SAM) method with a two-class unpaired design. SAM ranks the significance of genes based on a modified t-test statistic, with additional features such as permutation testing and the ability to estimate the false discovery rate. After analysis using the SAM method, a gene was considered to be significantly differentially expressed only if the log 2 median of the ratios of the Cy5 : Cy3 signal was greater than 1.00-fold or lower than 21.00-fold with P¡0.05.
IPA analysis. Functional interpretation of significantly differentially expressed genes was analysed in the context of gene ontology and molecular networks by using IPA software (Ingenuity Systems; www. ingenuity.com). Those genes with known gene-probe ID numbers and corresponding expression fold-changes were uploaded into the software. In IPA, the analysis was done with P¡0.05 as the cut-off point. The IPA analysis determined the subcategories within each category, which also supplied an appropriate P value and the number of genes identified. The differentially expressed genes were also mapped to genetic networks in the IPA database and ranked by scores that denoted the probability that a collection of genes equal to or greater than the number in a network could be achieved by chance alone. Scores of three or greater indicate a 99.9 % confidence level that the network is not associated by chance alone. Moreover, the known pathways of differentially expressed genes associated with metabolism and signalling were investigated by canonical pathway analysis in IPA. Two parameters were used to determine the significance of the association between the dataset and the canonical pathway: (i) A ratio of the number of genes from the dataset that map to the pathway divided by the total number of genes that map to the canonical pathway; and (ii) a P value used to determine the probability that the association between the genes in the dataset and the canonical pathway is because of chance alone. IPA uses a right-tailed Fisher's exact test to calculate the P value for functional categories, networks and canonical pathway analysis. Each network or pathway was set to have a maximum of 25 focus genes, leaving only the most important ones based on the number of connections for each focus gene.
Confirmation of microarray results by real-time RT-PCR.
Validation of differential gene expression was performed for a number of genes that were found to be differentially expressed in the microarray analysis by real-time RT-PCR analysis using the same protocol as described above. The primers (Table 1) were designed by using the PRIMER3 program and are based on published target sequences. Relative expression fold-change was calculated by the 2 2DDCt method and GAPDH was used as the endogenous reference gene to normalize the level of target gene expression.
